Several vaccination trials are evaluating the modified vaccinia virus Ankara (MVA) as a delivery vector in various clinical settings. In this paper, we present the reevaluation of a therapeutic vaccination trial in human immunodeficiency virus (HIV)-1-infected individuals treated with highly active antiretroviral therapy using MVA-expressing HIV-1 nef. Immunogenicity of MVA-nef was assessed using multicolor flow cytometry. Vaccine-induced polyfunctionality and proliferative capacity, which are associated with nonprogressive HIV-1 infection, were detectable by combining two immune assays. By means of short-term polychromatic intracellular cytokine staining, we observed a significant increase in polyfunctional Nef-specific CD4 T cells expressing interferong, interleukin (IL)-2 and CD154 after vaccination, whereas changes in the quality of CD8 T-cell response could not be observed. Only the additional use of a long-term polychromatic Carboxyfluorescein succinimidyl ester (CFSE)-based proliferation assay revealed vaccine-induced Nef-specific CD8, as well as CD4 T cells with proliferative capacity. The correlation between vaccine-induced IL-2 production by CD4 T cells and the increase in proliferating Nef-specific CD8 T cells suggests a causal link between these two functions. These results highlight the importance of combining sophisticated immunomonitoring tools to unravel concealed effects of immunological interventions and support the use of the poxvirus-derived MVA vector to stimulate highly functional HIV-1-specific T-cell responses. However, the clinical benefit of these functional T cells remains to be determined.
Introduction
To date, with 33.2 million people infected with human immunodeficiency virus (HIV)-1 (http://www.unaids. org) and no vaccine available, the only effective remedy against HIV-1 infection is highly active antiretroviral therapy (HAART). Despite substantial benefits, HAART is unable to clear HIV-1 infection and the virus still persists in resting CD4 T cells. 1 As interruption of the antiviral treatment inevitably leads to disease progression, lifelong HAART administration is required. Unfortunately, HAART administration is associated with serious side effects, long-term toxicity and selection of multidrugresistant viral strains. In addition, in developing countries, high cost and the required lifelong adherence are major limitations for the diffusion of HAART. In this scenario, therapeutic vaccination may represent an alternative strategy that aims at inducing immunological competence and impeding or delaying progression to acquired immunodeficiency syndrome (AIDS). 2, 3 In a previous phase I study, we showed that a modified vaccinia virus Ankara vector expressing HIV-1 LAI -nef (MVA-nef) was safe and immunogenic in 10 HIV-1-infected individuals undergoing HAART. The participants received MVA-nef vaccination twice (week 0 and 2), with a third vaccination 14 weeks after the second administration (week 16). MVA-nef was able to elicit or increase Nef-specific CD4 T-cell responses in 8 out of 10 participants. Preexisiting CD8 T-cell responses were observed in all participants and a minor increase in their magnitude associated with the administration of the vaccine was observed only in two subjects. A simple interferon (IFN)-g based intracellular cytokine staining (ICS) performed with freshly isolated cell material was used to characterize specific T-cell responses in the firstline analysis of the clinical trial. 4 However, as recent advances in polychromatic flow-cytometry technology revealed that the sole evaluation of IFN-g provides limited information on the quality of antigen-specific T-cell responses, [5] [6] [7] [8] in this study, we used more sophis-ticated assays to evaluate complex functional patterns of T-cell immune response. A correlation between the presence of antigen-specific CD4 T cells coproducing multiple cytokines and nonprogressive chronic HIV-1 infection has been shown in several cross-sectional studies. [9] [10] [11] [12] Multifunctional CD4 or CD8 T cells are further proposed to represent a correlate of vaccinemediated protection against various infectious diseases. 6, [13] [14] [15] Although initial studies characterized the expression profile of IFN-g and interleukin (IL)-2, [9] [10] [11] more recent studies have expanded the investigation and analyzed more complex functional patterns. 8, 12 Along with the functional profile, the proliferative potential of antigen-specific T cells is believed to be a key factor in maintaining or restoring effective antiviral immunity. 16, 17 Applying polychromatic flow cytometry, we performed a reevaluation on the samples collected during the MVA-nef vaccination trial to further investigate the T-cell responses elicited by the vaccine. We evaluated Nefspecific CD8 and CD4 T-cell responses at selected time points by polychromatic ICS assay and polychromatic CFSE-based proliferation assay. As the original phase I study was not placebo controlled, we included a control group of 13 HAART-treated, HIV-1-infected individuals with similar clinical characteristics. As longitudinal control, we monitored the T-cell response toward the HIV-1 protein Tat throughout the course of the study. Tat was chosen because of similarity in features of the Nef and Tat protein with regard to their early expression. Our previous investigation suggested an innovative combination of functional markers. 18 We studied the secretion of IFN-g, representing the reference marker to detect and quantify specific antiviral T-cell immune responses; 19 the cytokine IL-2, which is associated with helper function and essential for proliferation of antigen-specific T cells and memory development; [20] [21] [22] [23] the chemokine macrophage inflammatory protein (MIP)-1b, which has been shown to dominate HIV-1-specific immune responses; 8, 18 the expression of the differentiation marker CD45RA, enabling a discrimination between effector and memory T cells; 24 and the CD4 T-cell-specific activation marker CD154 (CD40L), which allows the interaction with CD40-expressing antigen-presenting cells and therefore represents a link between innate and adaptive immunity. [25] [26] [27] The polychromatic CFSE-based proliferation assay allowed for simultaneous evaluation of the proliferative capacity in combination with the expression pattern of functional markers IFN-g, IL-2 and MIP-1b in CD4 and CD8 T cells. The combination of the standard ICS and the CFSE-based proliferation assay proved to be extremely useful in examinig the qualitative and quantitative aspects of MVA-nef-induced anti-Nef-specific immunity.
Results

MVA-nef vaccination increases the magnitude of the total Nef-specific CD4 T-cell response
We used polychromatic flow cytometry to examine Nef-specific CD4 and CD8 T cells in cryopreserved peripheral blood mononuclear cell (PBMC) samples obtained from nine vaccine recipients. The analysis included PBMC collected before the first and after the second administration of the vaccine (Supplementary information: Table I ). The ICS assay included the measurement of four functional markers (IFN-g, IL-2, MIP-1b and CD154) and one differentiation marker (CD45RA) in CD4 and CD8 T-cell subsets. According to the differential expression of CD45RA, CD154, IFN-g, IL-2 and MIP1b, 30 responding CD4 and CD8 T-cell subpopulations were identified. From each sub-population, the background as detected in an unstimulated control sample was subtracted. Only responses exceeding a predefined threshold level after background subtraction were considered. By summing up the frequency of CD4 or CD8 T cells of each unique T-cell population expressing at least one functional marker, we analyzed the magnitude of the total specific response (Figures 1a  and c) . The total frequency of Nef-specific CD4 T cells was significantly increased by two immunizations (P ¼ 0.0078; Wilcoxon signed-rank test) and was further boosted after the third administration in study subjects V01, V03, V04 and V08. The magnitude of CD4 T-cell response ranged from 0 to 0.204% (median 0.022%) before the administration of the vaccine, and from 0 to 1.028% (median 0.074%) and 0 to 0.967% (median 0.066%) after the second and the third immunizations, respectively. This corresponds to a 3.4-fold and a threefold increase in Nef-specific CD4 T-cells after the second and third immunizations, respectively. The total frequency of Nef-specific CD8 T cells did not show any significant variation temporally associated with the administration of the vaccine. The magnitude of the CD8 T-cell response ranged from 0.012 to 0.461% (median 0.27%) before the administration of the vaccine, and from 0.01 to 0.566 (median 0.206%) and 0.028 to 0.582% (median 0.249%) after the second and third immunizations, respectively. As a control, CD4 and CD8 T-cell responses to the regulatory HIV protein Tat were equally monitored, and significant variations temporally associated with the administration of the vaccine were not observed (data not shown). These data confirm our previous characterization of the T-cell response induced by the MVA-nef vaccine as measured by IFN-g-based ICS. 4 However, the weak CD8 T-cell response to the vaccine, previously observed in subjects V8 and V10, was not detected in this study. It is likely that the use of frozen material and the analysis of a limited number of time points might have affected the capacity to detect these weak changes in responses.
MVA-nef vaccination induces Nef-specific CD4 and CD8 T cells able to proliferate
As the proliferative potential of antigen-specific T cells is considered to be a key factor in maintaining or restoring effective antiviral immunity, 16, 17, 28 it was of special interest to simultaneously evaluate the functional profile and the proliferative potential of Nef-specific CD4 and CD8 T cells during the course of the study. Thawed PBMCs were stained with CFSE, incubated with peptide pools for 5 days and, after restimulation, samples were stained according to our standard protocol, with the exception that the fluorescein isothiocyanate-conjugated (FITC) CD154 antibody was omitted so as not to interfere with the detection of CFSE. As there was not enough cell material available from study subject V10, the analysis of the proliferative potential included only eight study subjects. By summing up the frequency of CD4 or CD8 T cells of each unique T-cell population that was positive Distinct CD4 and CD8 T-cell responses induced by therapeutic MVA-nef vaccination S Kutscher et al for at least one functional marker or was able to proliferate, we analyzed the magnitude of the total specific response (Figures 1b and d) . The magnitude of the total Nef-specific CD4 T cells ranged from 0.015 to 0.467% (median 0.023) before the administration of the vaccine. After the second and third immunizations, the specific CD4 T-cell response ranged from 0.012 to 1.357% (median 0.04%) and from 0 to 0.825% (median 0.069%). Thus, the magnitude of the CD4 T-cell response detected by the proliferation assay was in the same quantitative range as the response detected by standard ICS (Figures 1a and b) . Interestingly, the CFSE-based proliferation assay revealed a clear increase in functional and proliferating Nef-specific CD8 T cells after the second administration of MVA-nef (Figure 1d ). The magnitude of total Nef-specific CD8 T cell responses ranged from 0 to 3.093% (median 0.152%) before the administration of the vaccine. After the second and third administrations, the CD8 T cells responding to Nef ranged from 0 to 8.698% (median 0.537%) and from 0 to 8.042% (median 0.355%), respectively. This corresponds to a 3.5-fold and a 2.3-fold increase in responding Nef-specific CD8 T-cells after the second and third immunizations, respectively. Thus, two doses of MVAnef were able to enhance the proliferative capacity of specific CD8 T cells, but the third administration did not have a general boosting effect. In fact, in subjects V07 and V11, despite an important increase in proliferative response after two administrations of the vaccine, we observed a decrease in Nef-specific proliferating T cells after three vaccinations. T-cell responses specific to Tat were monitored throughout the study using the CFSE assay, showing no changes in association with the administration of MVA-nef (data not shown). Figure 2 shows representative staining examples of ICS and proliferation assays performed before and after two vaccine administrations in study subject V11. CD4 T-cell responses to Nef were similarly detected using the two immune assays (Figures 2a and b) , whereas the proliferation assay turned out to be dramatically more effective in detecting vaccine-induced CD8 T-cell responses in comparison with ICS (Figures 2c and d) .
These results highlight a differential capacity of the ICS and proliferation assays to reveal specific immune responses. In particular, the proliferation assay allowed the detection of CD8 T-cell responses elicited by the vaccine, not observed using the ICS assay. Taken together, these results indicate a higher sensitivity of the proliferation assay for the detection of CD8 T cells, but not for CD4 T cells. It is possible that only a minor . Nine subjects were analyzed by ICS; the total response is calculated by summing up all responding subsets defined by IFN-g, IL-2, MIP-1b secretion and CD154 expression. Eight subjects are analyzed by CFSE-based proliferation assay; the total response is calculated by summing up all responding subsets defined by IFN-g, IL-2, MIP-1b secretion and a low CFSE staining level representing proliferative activity. All data are background subtracted. Minor responses are excluded using a predefined threshold system. To account for multiple comparison differences between the three time points, we applied nonparametric Friedman's test for three-way comparison, followed by a two-way Wilcoxon signed-rank test.
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proportion of the specific CD4 T cells are able to proliferate, whereas nonproliferating cells die during the 5-day-incubation period.
MVA-nef vaccination increases the grade of functionality of CD4 T cells
The breakdown of total Nef-specific response into specific functional categories as detected by the polychromatic ICS assay is shown in Figure 3 for the study cohort, as well as for the nonvaccinated control group. We first analyzed CD4 T-cell responses (Figures 3a and b). CD4 T cells responding to Nef were mainly CD45RA negative. Only a single subject showed a clear CD45RA-positive Nef-specific subset before the administration of the vaccine, which declined after the second vaccination and disappeared after the third administration of the vaccine. This suggests a shift toward the CD45RA-negative memory population in this specific individual.
As it is not possible to draw conclusions from a single subject, CD45RA was excluded from further CD4 T-cell analysis. The analysis of the degree of functionality showed that before the administration of the vaccine, mono-, bi-, tri-and tetra-functional Nef-specific CD4 T cells accounted for 52.5, 29.7, 16.6 and 1.3% of the total response, respectively. After two vaccine administrations, tri-and tetra-functional specific T cells increased to 21.2 and 6.6% of the total CD4 response, respectively. After the third administration of the vaccine, we observed a further increase to 30.6 and 7.6% of the total responding CD4 T cells. In the 13 HIVinfected individuals under HAART used as a reference cohort, mono-, bi-, tri-and tetra-functional Nef-specific CD4 T cells accounted for 71.79, 15.66, 11.04 and 1.51% of the total response, respectively. The breakdown into specific functional categories showed a significant increase in Nef-specific CD4 T cells expressing CD154, IFN-g and IL-2 after the second (P ¼ 0.031) and third (P ¼ 0.023) administrations of the vaccine. Before vaccination, this tri-functional subset was detectable in four of nine subjects (V7, V8, V10 and V11). In these four subjects, we observed a strong increase (median increase relative to prevaccination: 4.66-fold; range: 2.91-fold to 12.42-fold) after the second vaccination and a 1.81-fold increase (range: 0 to 10.16-fold) after the third vaccination. The tri-functional fraction producing CD154, IFN-g and IL-2 became detectable in six out of nine subjects (V1, V4, V7, V8, V10 and V11) after two vaccinations and in seven out of nine subjects (V1, V3, V4, V5, V8, V10 and V11) after three vaccinations. It is to be noted that in the control group, the tri-functional fraction producing CD154, IFN-g and IL-2 was also significantly Distinct CD4 and CD8 T-cell responses induced by therapeutic MVA-nef vaccination S Kutscher et al lower when compared with the post-second and postthird vaccination values of the study group (P ¼ 0.043 and P ¼ 0.0287, respectively), whereas it was found in a similar range when compared with prevaccination values. A significant increase in Nef-specific CD4 T cells expressing CD154 and IFN-g (P ¼ 0.031) was additionally observed after the second administration of the vaccine. After the second vaccination, values of this bi-functional subset were also significantly higher than those of the control group. CD4 T cells expressing CD154, IFN-g, IL-2 and MIP-1b were detected only in one study subject (V10) before the administration of the vaccine. After two administrations of the vaccine, these tetra-functional T cells became detectable in three additional study subjects (V01, V04 and V11) and were strongly boosted in study subject V10. The comparison between the control group and the study cohort indicates that T-cell responses in the study group were representative of a normal cohort of HAART-treated HIV-1-infected individuals and it suggests that, after vaccination, T-cell responses were more functional than responses usually found in HIV-1-infected individuals under HAART. Pies are created using the SPICE program taking into account the total response of the 9 study subjects or the 13 nonvaccinated control subjects. Pies represent mean fractions of tetra-(red), tri-(green), bi-(blue) and mono-functional (gray) responding T cells. Pies are shown for the nonvaccinated control group (black border) and for the study group time points before (brown border), and after two (turquoise border) and three (orange border) vaccine administrations. CD4 T-cell functions taken into account were CD154 expression and IFN-g, IL-2 and MIP-1b secretion. CD8 T-cell functions taken into account were IFN-g, IL-2 and MIP-1b secretion. (b and d) Aligned dot plots show all possible combinations of 1-4 markers in absolute % of the parent populations in the nonvaccinated control group (black rectangles) and for the study group before (brown) and after two (turquoise) or three (orange) vaccinations. Markers taken into account are specified in the respective graph. Black lines indicate median values of T-cell responses of the 13 nonvaccinated controls and the nine study participants. To account for multiple comparisons between the three time points, we applied a nonparametric Friedman's test for three-way comparison, followed by a two-way Wilcoxon signed-rank test. P-values of significant differences are indicated on the graph in black. The nonvaccinated control group was compared with the study group using a Mann-Whitney test. P-values for significant differences are indicated on the graph in gray.
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Remarkably, Nef-specific CD154+ CD4 T-cell responses were increased in five patients after the second administration (median increment: 0.13%; range: 0.06%-0.87%) and in six patients after the third administration of MVA-nef (median increment: 0.11%; range: 0.02%-0.92%), with respect to prevaccination levels. This indicates an improved capacity of these CD4 T cells to interact with antigen-presenting cells.
The degree of functionality of Nef-specific CD8 T cells did not change after vaccination, and the breakdown of the response into specific functional categories did not show any significant variation associated with the administration of the vaccine (Figure 3d) . Expression of CD45RA on CD8 T cells showed a memory phenotype that differed among individuals but was not influenced by the administration of MVA-nef. The comparison with the nonvaccinated control group in Figures 3c and d shows a similar frequency and distribution of functional subsets within the CD8 T-cell response between the study and control cohort.
Functional characteristics of proliferating Nef-specific CD4 and CD8 T cells Nef-specific CD4 (Figure 4a ) or CD8 (Figure 4b ) T cells detected by proliferation assay were dissected into functional categories according to their differential expression of IFN-g, IL-2, MIP-1b and the capacity to proliferate. The total amount of CFSE low Nef-specific CD4 T cells increased after the second administration of the vaccine, from a median of 0% (range: 0-0.022%) to 0.04% (range: 0-0.232%). The functional breakdown showed that these cells mainly produced IFN-g and MIP-1b, but the increase was limited to few study subjects and did not reach statistical significance. On the contrary, we observed a strong effect of the vaccination on the capacity of Nef-specific CD8 T cells to proliferate. The total amount of CFSE low Nef-specific CD8 T cells ranged from 0 to 3.093% (median 0.152%) before the administration of the vaccine, and from 0 to 8.395 (median 0.482%) and 0 to 8.042% (median 0.2%) after the second and third immunizations, respectively. In addition, significant differences were observed in specific CD8 T cells holding a proliferative potential and producing MIP-1b alone or MIP-1b and IFN-g after the second (P ¼ 0.016; Wilcoxon signed-rank test) and third administrations (P ¼ 0.023; Wilcoxon signed-rank test), respectively.
Correlation between CD4 T-cell responses and CD8 T-cell proliferative activity
In HIV-infected subjects, a causal link between IL-2 production by CD4 T cells and T-cell proliferative capacity has been proposed. To account for multiple comparisons between the three time points, we applied a Friedman's test, followed by a Wilcoxon signed-rank test.
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whether there was a correlation between the increase in Nef-specific CD4 T-cell response detected by ICS assay and the increase in the proliferation activity observed in Nef-specific CD8 T cells. The analysis included the eight study subjects who have been analyzed in both assays and compared the increase in responses observed after the second and third administration of the vaccine. After the second administration of MVA-nef, we proved a significant correlation between the increase in Nef-specific CD4 T cells coexpressing CD154, IFN-g and IL-2 as detected by ICS assay and the increase in total Nef-specific CD8 T cells as detected by proliferation assay (P ¼ 0.022; Spearman's correlation test (data not shown)). After the third vaccination, we found a significant correlation between the increase in Nef-specific CD4 T cells coexpressing CD154, IFN-g and IL-2 as detected by ICS assay, and the increase in total Nef-specific CD8 T cells as well as the proliferating MIP-1b+ IFN-g+ subset as detected by proliferation assay (P ¼ 0.028 and P ¼ 0.022, respectively; Spearman's correlation test). In addition, correlation analysis showed a significant association between the increase in total IL-2 production by CD4 T cells detected by ICS assay with the increase in total proliferating CD8 T cells after two and three administrations of MVA-nef (P ¼ 0.022 and P ¼ 0.007, respectively; Spearman's correlation test).
Vaccine-induced polyfunctional CD4 T cells produce high quantities of cytokines
Polyfunctional T cells produce more cytokines at a singlecell level than mono-or bi-functional T cells. 14, 15, 30 A high level of cytokine expression might account for an effective control of viral replication by polyfunctional T cells. 6 To assess the mean fluorescence intensity (MFI) of polyfunctional Nef-specific CD4 T cells elicited by the vaccine, we grouped the responding subsets according to their grade of functionality and then calculated the relative MFI for the expression of IFN-g, IL-2, CD154 and MIP-1b ( Figure 5 ). The relative MFI values were calculated by dividing the MFI of the functional subsets by the MFI of nonfunctional CD4 T cells. Tetra-functional Nef-specific CD4 T cells expressed significantly higher levels of IFN-g than did tri-, bi-and mono-functional cells. A similar pattern was observed for the expression of CD154, with the exception that tetra-and tri-functional T cells had similar relative MFI. The distribution of MFI for IL-2 expression was identical to that observed for CD154, but as a small number of bi-and mono-functional CD4 T cells expressed IL-2, differences were not statistically significant. Finally, MIP-1b expression was significantly lower in mono-functional than in tetra-, tri-and bi-functional responding CD4 T cells, but among tetra-, tri-and bi-functional CD4 T cells, no differences were observed. These data suggest that the Nef-specific polyfunctional CD4 T cells observed in our study present the typical phenotype of highly functional effector cells. The overlaid dot plots in Figure 5b show the florescence intensity of mono-, bi-, tri-and tetrafunctional cells in the representative study subject V10 during the course of the study. After the administration of the vaccine, we observed a clear increase in Nef-specific CD4 T cells with a polyfunctional phenotype clearly expressing highest amounts of IFN-g, IL2 and CD154 on a per-cell basis.
Discussion
Therapeutic vaccination may represent a valuable tool for achieving viral control in HIV-1-infected individuals by boosting the virus-specific immune response. Various HIV-1 immunogens have been tested in HIV-1-infected individuals and were able to stimulate specific CD4 and CD8 T-cell responses. 4, [31] [32] [33] [34] [35] [36] [37] Vaccine-specific immune responses were evaluated with immune assays such as enzyme-linked immunosorbent spot (ELISPOT), 35, 37, 38 proliferation assay 31, 32, 35, 38 and ICS. [33] [34] [35] 38 However, at present, between these assays, polychromatic ICS is regarded as a very informative immunoassay, as it provides simultaneous information on multiple markers measured at the single-cell level. Indeed, polychromatic ICS is becoming increasingly more popular in assessing HIV-specific immune responses in different clinical settings.
In this study, by means of polychromatic flow cytometry, we reexamined HIV-1-specific T-cell responses throughout the course of a therapeutic vaccination trial that used MVA-nef as immunogen. 4 The insight gathered in this study exceeded the information obtained in our first evaluation, in which a simple IFN-g-based immune assay was applied to freshly isolated PBMCs. Indeed, we observed that CD4 T cells elicited by MVA-nef were polyfunctional and were able to proliferate. In addition, using a long-term polychromatic proliferation assay, we revealed specific CD8 T-cell responses induced by the vaccine.
MVA-nef was able to significantly increase the frequency of Nef-specific CD4 T cells expressing CD154 and IFN-g, as well as CD4 T cells expressing CD154, IFN-g and IL-2. In addition, Nef-specific CD4 T cells expressing CD154, IFN-g, IL-2 and MIP-1b were induced in several subjects. As shown by MFI analysis, vaccine-elicited polyfunctional CD4 T cells showed increased production of IFN-g, CD154 and IL-2 on a per-cell level, whereas the quantity of produced MIP-1b was independent from the grade of functionality. These data indicate that the polyfunctional CD4 T cells observed in this study are possibly similar to polyfunctional T cells that have been associated with successful immune responses in several clinical settings. 6, 14, 15 Nef-specific CD4 T cells have been shown to produce higher amounts of IFN-g in nonprogressive than in progressive infection, indicating a higher grade of functionality. 39 Furthermore, polyfunctional responses toward different HIV antigens including Nef have been found in rhesus monkeys protected from mucosal simian immunodeficiency virus challenge by vaccination. 40 In addition to improvements in effector functions, MVA-nef was able to induce specific CD4 and especially CD8 T cells endowed with proliferative potential. Although functional CD4 T-cell responses and the proliferative potential of T cells were significantly increased after the second vaccine administration, there was no clear additional boosting effect after the third administration of MVA-nef. Preexisting immunity to vaccinia virus (eight out of nine subjects were vaccinated against smallpox) and MVA-induced vector immunity might be an explanation for this observation. In fact, in a previous study, 41 we observed strong MVAspecific cellular and humoral immune responses after vaccination with MVA-nef. Overall, the MVA-nef vaccine was able to modify the Nef-specific response toward a Distinct CD4 and CD8 T-cell responses induced by therapeutic MVA-nef vaccination S Kutscher et al T-cell phenotype associated with a good prognosis of HIV-1 disease progression. IL-2 secretion by CD4 T cells is associated with control of HIV-1 replication in infected individuals and is related to the proliferative potential of CD4 and CD8 T cells. 20, 29, 42 HIV-1 viremia, in particular, impedes the establishment of IL-2-producing HIV-1-specific memory CD4 T cells endowed with proliferative capacity. 43 Several lines of evidence indicate that the proliferative capacity is maintained in primary and nonprogressive HIV-1 infection and impaired in chronic progressive infection. 16, 20, 44 Whether the proliferative impairment is reversible by endogenous or exogenous a b Figure 5 Characterization of polyfunctional CD4 T cells. (a) CD4 T cells responding to stimulation with Nef-derived peptide pools are grouped according to their grade of functionality and expression of IFN-g, IL-2, MIP-1b or CD154 into tetra-(red), tri-(green), bi-(blue) and mono-functional (gray). Relative MFI values were calculated by dividing the MFI of the functional subsets by the MFI of nonfunctional CD4 T cells. Each point represents a positive CD4 T-cell response detected with Nef peptide pools covering either the N terminus or the C terminus of the Nef protein. To account for multiple comparisons, differences between the functional groups were assessed by nonparametric KruskalWallis test for four-way comparison, followed by a pairwise Mann-Whitney test. (b) Representative flow cytometric data before vaccination (W-6), after the second vaccination (W 4) and after the third vaccination (W20) from subject V10 are depicted in overlaid dot plots. Mono-, bi-, tri-and tetra-functional Nef-specific CD4 T cells are indicated using the same color coding as for the graphs in (a). Asterisks indicate the level of significance, with ***Po0.0001; **Po0.001; *Po0.05.
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17,20,29 is still a matter of discussion. Whatever the case, the MVA-nef vaccine was able to increase the number of Nef-specific IL-2-producing CD4 T cells and Nef-specific CD4 and CD8 T cells capable of proliferating ex vivo. This indicates an improved capacity of effector CD4 and particularly CD8 T cells to expand in response to HIV-1 antigens. In addition, after vaccination, a significant correlation between the increase in IL-2 production by specific CD4 T cells and the increase in CD8 T-cell proliferative activity has been observed. The statistical correlation suggests the possibility of a causal link between the two functions. A valid proof for this hypothesis would require further experiments, for which cell material from the study subjects is not available anymore.
The induction of CD154+ CD4 T cells is typically impaired in HIV-1 infection, 45 and in progressive infection, CD154-expressing CD4 T cells are selectively depleted. 26 Thus, the vaccine-induced increase in Nefspecific CD4 T cells expressing CD154 suggests a reversion of the impaired CD154 expression and likely an improved interaction potential between CD4 T cells and antigen-presenting cells.
Despite improved knowledge of the immune system and significant advancement in immune-monitoring technologies, it remains unclear which elements of the immune system need to be stimulated to provide protection against HIV-1 infection and improve viral control in already HIV-1-infected individuals. Polyfunctional CD8 and CD4 T cells, which are usually associated with successful immune responses, have been detected in healthy subjects vaccinated with a defective adenovirus vaccine vector. 46 However, the same vaccine was ineffective in protecting against infection in a proof-ofconcept phase IIb trial. 47 Therefore, although the MVA-nef vaccine was able to elicit responses normally associated with slow HIV-1 disease progression in infected individuals and with naturally controlled infectious diseases, efficacy studies are warranted to assess eventual clinical benefits provided by the vaccine. In this regard, future immunization studies should incorporate a period of HAART discontinuation to assess whether vaccine-elicited responses are associated with improved control of viral replication.
Recently, it has been shown that, compared with New York vaccinia virus, MVA is able to stimulate both CD4 and CD8 T-cell responses in an equilibrated way in rhesus macaques primed with a DNA vaccine. 48 In our study, we detected more CD4 than CD8 T cells specific to Nef. As the expansion of CD4 T cells requires sustained antigen presentation in contrast to CD8 T cells, 49 it can be suggested that CD4 T-cell expansion is favored in chronic infection in which there is a continuous presence of the antigen. In addition, in induction of apoptosis in cells infected by the MVA vector, followed by MHC class II restricted antigen cross-presentation might be a possible reason for the preferential elicitation of specific CD4 T cells. Nevertheless, the mechanism for the differential stimulation of CD4 and CD8 T-cell responses remains to be clarified by mechanistic studies.
From a methodological point of view, the present study highlighted how the use of the polychromatic CFSE-based proliferation assay augmented the perceived immunogenicity of the MVA-nef vaccine. In fact, both the ex vivo IFN-g-based ICS performed in a previous study 4 and the polychromatic ICS performed in this study underestimated the vaccine-induced Nef-specific CD8 T-cell responses clearly detected by the proliferation assay. Recently, Winstone et al. 50 used a cultured IFN-g ELISPOT assay to reexamine vaccine-induced T-cell responses in trial IAVI-006. The cultured IFN-g ELISPOT assay detected five times more vaccine-induced responses in study participants as compared with the classical ELISPOT. 51, 52 The proliferation assay used in our study and the cultured IFN-g ELISPOT assay used to evaluate the IAVI-006 trial have, in common, several days of incubation in the presence of antigen, suggesting that an expansion step may be required to reveal specific responses otherwise undetectable. The polychromatic CFSE-based proliferation assay simultaneously assessing functional markers and proliferative capacity represents, therefore, an innovative and sensitive immunoassay, well suited to reveal concealed effects of immunological interventions that are undetectable using simple IFN-gbased ICS as in the original study 4 or complex polychromatic ICS without prolonged stimulation periods.
Safety and immunogenicity of vaccines based on recombinant poxviruses have been documented extensively. MVA is a highly attenuated strain of vaccinia virus widely used as a safe viral vector to deliver antigens; 53 it does not replicate in most mammalian cells 54 and is thus considered as a good candidate vaccine for individuals with a compromised immune system, such as HIV-1-infected patients. Our data, along with previous reports in which an HIV-1 gag/multiepitope immunogen was delivered by the MVA vector, 38 show the capacity of MVA to improve the quality of the HIV-1-specific immune response in infected individuals. Therefore, a general capacity of the MVA vector to induce highly functional responses against heterologous genetic inserts can be suggested. In our study, we could show the elicitation of T-cell responses against the nonstructural, highly conserved and early-expressed Nef protein encoded by the vector.
In conclusion, the MVA-nef vaccine was able to change the quality and quantity of the Nef-specific immune response in HIV-1-infected subjects under HAART. These results support the use of the poxvirus-derived MVA vector to stimulate and improve anti-HIV-1 T-cell responses. Whether highly functional HIV-1-specific CD4 and CD8 T cells endowed with proliferative capacity will be clinically relevant in HIV-1 infection remains to be determined. Further, clinical trials designed to test immunogenicity in combination with the therapeutic efficacy of MVA-nef vaccination will help to define the clinical relevance of the observed immune responses.
Materials and methods
Study samples
In all, 10 HIV-1-infected individuals under HAART were vaccinated with MVA-nef to assess safety and immunogenicity. 4 According to available cryopreserved samples, PBMCs obtained from nine individuals were reexamined in this study. Prevaccination samples were not available from study subject V02 and this participant was excluded from the present evaluation. Subject V10 was analyzed only by polychromatic ICS, as not enough material was available to perform the proliferation assay. A control group of 13 HIV-1-infected, HAART-treated individuals was included in this study. Their clinical characteristics were similar to those of vaccinated individuals. All individuals in the control group had undetectable viral load. The CD4 T-cell counts ranged from 334 to 1100 cells per mm 3 , with a median of 603 cells per mm 3 .
Peptides
Three different HIV-1-derived peptide pools were used to stimulate PBMCs: (1) variable length overlapping peptides spanning the 1-101 region of HIV-1 Bru Nef (Nef N terminus peptide pool); (2) variable length overlapping peptides spanning the 96-205 region of HIV-1 Bru Nef (Nef C terminus peptide pool); and (3) variable length overlapping peptides spanning HIV-1 BH10 Tat. The peptide sets were designed as previously described 55 and validated for use in cytokine secretion T-cell ELISPOT, as well as in intracellular cytokine staining assay within the European Commissionsponsored AIDS Vaccine Integrated project consortium. Peptides were obtained from the Centre for AIDS Reagents, National Institute for Biological Standards and Control, Hertfordshire, UK.
Intracellular cytokine staining
After thawing, 10 6 cryopreserved PBMCs were resuspended in 150 ml culture medium RPMI 1640 (Cambrex, Taufkirchen, Germany), supplemented with 10% fetal calf serum (Biochrom AG, Berlin, Germany) and 1% PenStrep (Cambrex). Peptide-stimulated and mockstimulated samples were run in parallel to define the background. Stimulation was performed with 0.4 mg peptide per 10 6 cells in the presence of 1.3 mg ml À1 anti-CD28 and 1.3 mg ml À1 anti-CD49d costimulatory antibodies (Becton Dickinson, Heidelberg, Germany). A mock-stimulated sample (containing only costimulatory antibodies) was run for each patient and time point. After 60 min of incubation, 10 mg ml À1 of Brefeldin A (Sigma-Aldrich, Taufkirchen, Germany) was added to the cell suspension and the incubation was carried out for an additional 4 h. Stimulated cells were labeled with the photoreactive fluorescent viability marker ethidium monoazide (Molecular Probes/Invitrogen, Darmstadt, Germany), fixed and permeabilized using the BD Cytofix/CytopermTM Kit (BD Biosciences, Heidelberg, Germany). Cells were stained with the following fluorochrome-conjugated antibodies: CD3-AmCyan, CD8-PacB, CD4-PerCP, CD45RA-PECy7, CD154-FITC, IFN-g-Al700, IL-2-Allophycocyanin (APC) and MIP1b-PE. All antibodies were from BD Biosciences, except CD8-PacB (DAKO Cytomation, Hamburg, Germany). Samples were acquired using an LSRII flow cytometer (BD Biosciences) equipped with a highthroughput system. Analysis was performed using FlowJo version 8.5.3 (Tree Star, Ashland, OR, USA). Gating strategy was described previously 18 and is shown for the functional markers in the Supplementary information ( Figure 1-gating strategy) . According to the differential expression of CD45RA, CD154, IFN-g, IL-2 and MIP1b, 30 responding CD4 and CD8 T-cell sub-populations were identified. An individual threshold level for each sub-population was calculated after background subtraction using SPICE software (Mario Roederer, Vaccine Research Center, National Institute of Allergy and Infectious Diseases, National Institutes of Health). This is important for correct data evaluation, as the nonspecific background becomes very low (sometimes equal to zero) when examining combinations of three or more positive functions. In contrast, background is higher for single positive responses, particularly for the chemokine MIP-1b. The threshold level was defined for each functional combination as the 90th percentile of the distribution of negative values from 147 stimulated samples derived from 37 HIV-1-infected individuals, including the study participants. Values lower than the respective individual threshold level were set to 0. Furthermore, a general threshold of 0.005% was applied for all CD8+ and CD4+ T-cell subsets to exclude minor responses. As a result, threshold ranged from 0.005% to 0.11%, according to the different sub-populations.
CFSE proliferation assay
After thawing, PBMCs were resuspended in 0.1 mM CFSE (Molecular Probes/Invitrogen). Cells were incubated for 10 min at 37 1C in the dark, rinsed in complete medium and plated at 200 ml per well (10 6 cells per 200 ml). Peptide antigens and costimulatory antibodies were added as for the ICS, and cells were cultured for 5 days in complete medium. At day 5, cells were resuspended in 200 ml culture media and restimulated applying the same procedure and conditions as for the ICS. After ethidium monoazide staining and fixation/permeabilization, cells were stained with the fluorochrome-conjugated antibodies used in the ICS protocol. The CD154-FITC antibody was omitted so as not to interfere with the detection of CFSE. Acquisition and sample analysis were performed in concordance with the ICS protocol. Functional markers and ex vivo proliferative activity, defined by low CFSE staining level, were gated according to the gating strategy depicted in the Supplementary information ( Figure 1-gating strategy) . According to the differential expression of CD45RA, IFN-g, IL-2, MIP1b and the CFSE staining level, 30 responding CD4 and CD8 T-cell sub-populations were identified. An individual threshold level for each sub-population was calculated following background subtraction using SPICE software as described in the ICS section. The threshold level was defined for each functional combination as the 95th percentile of the distribution of negative values from 201 samples from 16 HIV-1-infected individuals, including the study participants. A higher percentile was chosen for the proliferation assay in comparison with ICS, as in longterm assays, T-cell responses, as well as background levels, tend to have a higher variability than in short-term assays. A general threshold of 0.005% for all CD8+ and CD4+ T-cell subsets was applied to exclude minor responses.
Data processing and statistical analysis SPICE version 4.1.5 and Prism version 5.01 (GraphPad Software Inc., San Diego, CA, USA) were used for graphical representation and statistical analysis.
Distinct CD4 and CD8 T-cell responses induced by therapeutic MVA-nef vaccination S Kutscher et al Nonparametric statistical tests were applied in all cases. To account for multiple comparisons, nonparametric Friedman's tests, followed by pairwise post hoc Wilcoxon signed-rank tests, were used to assess significance of change in values between study time points. Spearman's correlation test was used for correlation analysis. A confidence interval of 95% was used for all statistical considerations.
